This paper reports on the conceptual design of a three-stage launch vehicle (LV) with a clustered hybrid rocket engine (HRE) through multi-disciplinary design optimization. This LV is a space transportation concept that can deliver micro-satellites to sun-synchronous orbits (SSOs). To design a high-performance LV with HRE, the optimum size of each component, such as an oxidizer tank containing liquid oxidizer, a combustion chamber containing solid fuel, a pressurizing tank, and a nozzle, should be determined. In this study, paraffin (FT-0070) is used as a propellant for the HRE, and three cases are compared: In the first case, HREs are optimized for each stage. In the second case, HREs are optimized together for the first and second stages but separately for the third stage. In the third case, HREs are optimized together for each stage. The optimization results show that the performance of the design case that uses the same HREs in all stages is 40% reduced compared with the design case that uses optimized HREs for each stage.
Introduction
The hybrid rocket engine (HRE) is a type of rocket that uses a liquid oxidizer and solid fuel. This rocket has the advantages of being highly safe, inexpensive, and environment-friendly in comparison with liquid and solid fuel rocket engines. Therefore, the HRE is expected to be a safe and green means of propulsion for future space transportation.
The thrust of the HRE is influenced by the mass flow of the vaporized fuel, which in turn is determined by the oxidizer mass flow, the fuel grain length, and the inner radius of the fuel grain port. If these parameters are combined optimally, the thrust can be expected to be sufficient. Since these parameters also constitute the engine geometry, they also affect the weight and trajectory. As a result, knowledge discovery techniques are desirable for the multi-disciplinary design of an HRE for a launch vehicle (LV). A previous study (Kanazaki et al., 2014 ) developed a multi-disciplinary optimization (MDO) methodology that includes a technique for an empirical-model-based evaluation of the performance of a three-stage LV with an HRE. Several solutions have achieved good performance suitable for space transportation. However, performance in terms of parameters such as the maximum payload has been limited thus far because only one HRE is installed for each stage.
In this study, a developed evaluation method was applied to the design of using clustered HRE as shown in Fig. 1(a) . A cluster rocket is expected to incur a low development cost if the same engine designs can be used for all stages. The LV considered in this paper can deliver 10.0-100.0 kg micro-satellites, which can be used for the scientific observation of the Earth, to a sun-synchronous orbit (SSO) that is 800 km altitudes. To maximize the volume efficiency, eight combustion chambers, an oxidizer tank, and a pressurizing tank are installed in the first stage. In the second stage, two combustion chambers, an oxidizer tank, and a pressurizing tank are installed. Fig. 1(b) and (c) shows the cross-sectional view of the first and second stages designed in this study. Paraffin fuel (FT-0070) (Hikone et al., 2010 ) is employed as a fuel, liquid oxygen (LOX) is employed as an oxidizer, and the combustion type is a swirling-oxidizer-type engine.
To investigate this possibility, a multi-objective genetic algorithm (MOGA) is applied to the three design cases for the combination of optimum engines in each stage. In the first case, HREs are optimized for each stage. In the second case, HREs are optimized together for the first and second stages with taking the oxidizer and the fuel mass ratio and the oxidizer mass flux into the fuel of the first and the second stages are the same values. HRE for the third stage separately designed. In the third case, HREs are optimized together for each stage with assuming the oxidizer and the fuel mass ratio and the oxidizer mass flux into the fuel of each stage are the same values. 
Design methods

Evaluation of clustered hybrid rocket
This study discusses an LV of a three-stage rocket with a chamber, an oxidizer tank, a pressurizing tank, a nozzle, and a payload ( Fig. 1(a) ), that has an HRE. Figure 2 shows the evaluation procedure for the unit engine shown in Fig. 3 , as proposed in a previous study (Kanazaki et al., 2014) .
Considering a single-port fuel grain, the regression rateṙ port of the fuel is expressed as follows:
Equation 1 is empirically defined and the coefficient G n oxi is the mass flux of the oxidizer which go through the port of the fuel. a and index n are generally determined through experiments for fuels with a single port. The HRE considered herein supplies the swirling oxidizer into the Paraffin fuel (FT-0070) (Hikone et al., 2010) . a and n in Eq. (1) are determined from an experiment for a non-swirling oxidizer with the FT-0070; then, Eq. 1 can be written aṡ
In this study, a swirling-oxidizer-type HRE that can achieve a higher regression rate (Yuasa et al., 2001 , Kosugi et al., 2010 is assumed. For this purpose, the empirical multiplication with the coefficient of Eq. 2 is carried out.
where m is the stage number. This coefficient a m = α m × 0.1561 is a part of the design variables that determine the strength of the oxidizer swirl. The range of α m , which is used to determine the design range of a m , is between four and ten. Eq. 3 is used to determine the pressure of the combustion chamber, the oxidizer tank, and the pressurizing tank. Consequently, the volume and mass of these tanks can be estimated. After the size of the engine and LV are estimated, the flight of the LV can be calculated by solving the equation of motion.
Layout of components
The LV considered in this study has eight clustered combustion chambers with a nozzle in the first stage and two clustered combustion chambers with a nozzle in the second stage ( Fig. 1(b)(c) ). The third stage contains a single combustion chamber with a nozzle. The first stage contains a pressurizing tank at the center of the combustion chambers, the second stage contains two pressurizing tanks at the side of the combustion chamber, and the third stage contains a pressurizing tank on the oxidizer tank. All stages have an oxidizer tank as the common component.
To maximize volume efficiency, the combustion chamber, oxidizer tank, and pressurizing tank for each stage are placed as shown in Fig. 1 . The radius of the first stage r clu1 can be expressed as
where r c1 is the radius of the combustion chamber and t c1 is the thickness of the exterior wall. r c1 can be obtained by the combustion time tc 1 based on Eq. 3, and tc 1 is determined by the initial pressure of the combustion chamber P ch 1 (0). The radius of the second stage r clu2 can be expressed as
where r c2 is the radius of the combustion chamber and t c2 is the thickness of the exterior wall. r c2 can also be obtained by the combustion time tc 2 based on Eq. 3, and t t2 is decided by the initial pressure of the combustion chamber P ch 2 (0). 
Design optimization
Non-dominated sorting genetic algorithm-II (NSGA-II)
Genetic algorithms (GAs) are popular holistic optimization techniques that use operators such as selection, crossover, and mutation, as shown in Fig. 4 . The non-dominated sorting genetic algorithm-II (NSGA-II) (Deb et al., 2002) used in this study is a type of MOGA and is widely used to solve multi-objective problems. NSGA-II is characterized by nondominated sorting and crowding distance sorting. The individuals of the next generation are selected by elitism. The new generation is filled with each front sequentially until the population size exceeds the current population size. In this study, the blended crossover-α (BLX-α) (Eshelman and Schaffer, 1993 ) is applied as the crossover.
Visualization by parallel coordinate plot (PCP)
A parallel coordinate plot (PCP) is a statistical visualization technique used to convert high-dimensional data into two-dimensional graphs (Inselberg, 1985 , Wegman, 1990 ). To generate a PCP, the attribute values in a design problem such as design variables, objective functions, and constraint values have to be normalized for comparison on the same axis, as shown in Fig. 5 . Subsequently, axes are arranged in consistent parallel lines. Generally, the distance between one line and the next is equivalent. PCP can be used to easily investigate the design problem at a glance. 
Formulation
In this study, an LV that can deliver a payload to an Earth orbit at 800 km is considered. The rocket is launched toward the south at an 89 deg. launch angle. The second stage is immediately ignited after the combustion of the first stage is completed. After the second stage is completed, the third stage coasts along the oval orbit. Once the coasting is completed, the third stage is ignited. t coast . Three cases are compared: In Case 1, the HREs are optimized separately for each stage. In Case 2, the first and second stages share an engine design, while the third stage is optimized separately. In Case 3, all states share the same engine design. The non-dominated solutions for all three cases are compared with the non-dominated solutions for the design with a non-clustered HRE (Case 0) as shown in Fig. 6 (Kanazaki et al., 2014) .
The objective functions are to maximize the payload to total weight ratio M pey /M tot and minimize the total weight (M tot ). The design problem for each case can be expressed as
The trajectory constraints assumed are as follows: • The flight altitude is over 250 km after the combustion of the third stage.
• The angular momentum is more than 52413.5 kg km2/s after the combustion of the third stage in order to ensure that the rocket reaches 800 km at the apogee.
• The flight path angle after combustion of the third stage is between ?5.0 and +5.0 deg. The constraints for the structure are as follows:
• The aspect ratio of the rocket is less than 20.0.
• The diameter of the nozzle exit is less than that of all stages.
• The area of the grain port is more than twice the nozzle throat area of all stages. The design variables and their ranges are listed in Tables 1-3 . dv1-dv8, dv9-dv16, dv17-dv26 correspond to the first, second, third stages, respectively. (dv26 is t coast .)ṁ oxi m is the mass flow of the oxidizer, O/F 1 (0) is the oxidizer to fuel ratio, a m is the coefficient for Eq. 3, G oxi m is the mass flux of the oxidizer through the fuel port, tc m is the combustion time, P ch m (0) and P pt m (0) are respectively the initial pressure of the combustion chamber and the pressurizing tank, ϵ m is the appature ratio of the nozzle in the mth stage. In Case2, dv10 and dv12 are equal to dv2 and dv4, respectively. In Case3, dv19 and dv21 are also equal to dv2 and dv4, respectively.
NSGA-II for each case is carried out with a total generation number of 200 and population size of 50 for each generation. Figure 7 shows a comparison of the non-dominated solutions for each case. The result for the single-engine rocket is derived from a previous study (Kanazaki et al., 2014) . Figure 7 helps establish the trade-off between the objective functions. Case 1 can reach a greater value of M pay /M tot at a lower M tot than either Case 2 or 3 because all the stages have an optimized engine. The solid line in Fig. 7 is the line that can deliver 100.0 kg payload. According to Fig. 7 , a design that can deliver 100.0 kg payloads could be found in all three cases.
Results
Design exploration results
Comparison of designs from non-dominated solutions
Rocket designs that can deliver payloads of 100.0 kg found from where the design curves intersect the solid line in Fig. 7 are picked up and named as Des0, Des1, Des2 and Des3, respectively. The value of M pay /M tot for Des3 is 60% of that for Des1, because the engines are not optimized for each stage in Case 3. Figure 8 shows a visual comparison of the design results for each case and also for the single-engine rocket. As can be seen from Fig. 8 , the diameters in the first stage of Des2 and Des3 are larger than that in the first stage of Des1. Because the first stage is independently designed in Case 1, the resulting engine size is the same as that in Des0. However, when the engine designs are shared, the width constraint in the second stage causes the first stage to have an increased diameter. Table 4 lists the propulsive specifications (tc m , time-averagedṙ port (t), and time-averaged thrust) of the designed engines in each case. As shown in the table, the combustion time of Des3 is less than that of Des0-2. In addition, timeaveragedṙ port (t) and time-averaged thrust of the first stage of Des3 is higher than that of the first stage of Des0-Des2. Because all stages are simultaneously optimized in Case 3, the engine design is not always optimized for each stage, leading to unburned fuel in Cases 2 and 3. Therefore, a higher thrust is required in Des3 to carry useless fuel. Fig. 9 shows a comparison of the time history of the thrust of each stage from Des0 through Des3. In the first and second stages ( Fig. 9(a) and (c)), Des0 and Des1 showed a similar trend because the size of the first stage is similar in Fig.  8 . In addition, Des3 also shows a trend similar to Des0 and Des1 because Case 2 independently designs the third stage, which is similar to Cases 0 and 1. The thrusts in the first stage of Des2 and Des3 are higher than that in the first stage of Des0 and Des1, while that in the first stage of Des3 is the highest. This suggests that the common use of an engine for several stages reduces the fuel efficiency while improving the productivity cost. Table 5 provides a comparison of the fuel fill rate (volume ratio of fuel to the fuel port for oxidizer provision) in each stage from Des0 through Des3. Des0 and Des1 have optimum engines for each stage, and their fuel fill rates increase with increasing stages, with about 90% fuel fill rate in the third stage. This result suggests that a lower stage should use lower fuel to achieve a lower weight. On the other hand, all stages of Des2 and Des3 achieve around 80% fuel fill rate. This result suggests that compromised solutions can be obtained from non-dominated solutions, with balanced engines in each stage. Figure 10 shows the visualization of the design problem for Cases 0 through 3. The dark grey line in the figure indicates the solution that achieves a high M pey /M tot . In Fig. 10 , Des0 and Des1 show lowerṁ oxi 1 than Des2 and Des3 do, suggesting that a lowṁ oxi 1 is desirable for the first stage to achieve a low weight.
Visualization of design space by PCP
The tc 1 of Case3 is lower than that of other cases, suggesting that the solutions of Case 3 obtained earlier consumption of the fuel to reduce the fuel weight of the first stage earlier. Theṁ oxi 3 and tc 3 of Case 3 shows a higher value for other cases, suggesting that the third stage flies longer to reach the target orbit because the tc 1 of Case 3 is shorter. 
Conclusions
In this study, we considered the conceptual design of a multi-stage launch vehicle with a clustered hybrid rocket engine. Three optimization cases were considered. The results suggest that an LV that uses the same engines for each stage can only achieve 60% of the payload mass ratio, compared with an LV that has engines optimized separately for each stage. In addition, an LV that uses same engines for each stage has a lower aspect ratio than an LV with an optimized engine for each stage. These findings are significant for LV development and manufacturing.
